Introduction ▼
Based on the high cost of swimming fl ume, the eff orts performed in tethered swimming have been used as an alternative method to measure maximal oxygen uptake ( V O 2MAX ) [ 6 , 8 ] and lactate anaerobic threshold (AnTLAC) [ 30 ] . Even with some critique of tethered swimming evaluations that include possible alterations in swimming mechanics [ 46 ] and ineffi ciency to measure swimming technique [ 29 ] , it is important to point out that anaerobic parameters determined by this method are sensitive to training eff ects [ 39 ] and to tapering [ 36 ] . In addition, Matsumoto et al. [ 30 ] verifi ed that AnTLAC determined by tethered swimming is sensitive to 6-week free swimming training in intensity corresponded to 125 % of AnTLAC; however, this method is not suitable for routine diagnostic use because it is invasive. Recently, Morouço et al. [ 33 ] observed that the mean force measured during a 30-s all-out tethered swimming eff ort presented signifi cant correlations with the mean velocity measured during a 50-m time-trial free swimming performance for front crawl, backstroke, breast-The curvature constant parameter (W′) from critical power concept could represent a fi nite store of anaerobic energy comprised of a phosphagen pool, an anaerobic glycolytic component, and an oxygen store [ 18 ] . In addition, W' may be used as an anaerobic work capacity parameter. It is generally accepted that the relationship between velocity and time to exhaustion has a hyperbolic pattern, with the curvature constant of this relationship being equivalent to the y-intercept of the regression line relating distance and time to exhaustion [ 7 ] . It has been demonstrated that this parameter is sensitive to 8 weeks of high-intensity interval training [ 9 ] and to 6 weeks of resistance training [ 3 ] . Furthermore, the W′ has shown signifi cant correlation with the Wingate test [ 23 ] , anaerobic production of muscular ATP (r = 0.70), anaerobic capacity determined through changes in ATP and phosphocreatine (r = 0.73) in well-trained cyclists [ 19 ] , oxygen defi cit (r = 0.48-0.57) [ 7 ] and maximal accumulated oxygen defi cit (MAOD) [ 21 ] . According to a previous study [ 7 ] , the y-intercept of the distance-time relationship represents the anaerobic swimming capacity (i. e., W′ in meter) and corresponds to the maximal distance that could be covered anaerobically. The studies concerning W′ and free swimming performances have not showed signifi cant correlations between these parameters [ 12 , 37 ] . Dekerle et al. [ 12 ] used all combinations of 2 distance tests (i. e., from 50 to 400 m) to calculate the anaerobic swimming capacity (ASC = W′) of the regression between time and distance. The authors did not verify signifi cant correlations between the W′ values and the mean anaerobic distance (i. e., the distance that can be performed with the body's limited anaerobic resources), and between the W' values and the blood lactate concentrations measured at the end of a 200-m maximal free swimming performance. Based on the results of Toussaint et al. [ 43 ] , Dekerle et al. [ 12 ] considered the estimation of the anaerobic capacity unreliable and did not recommend the use of W′ by coaches in order to control the eff ects of an anaerobic swimming training program. In addition, Papoti et al. [ 37 ] did not verify signifi cant correlations of W′ -measured using all combinations of 2, 3, 4 and 5 distances (i. e., 100, 200, 300, 400 and 600 m) -with the maximal free performances of 100, 200, 300, 400 and 600 m, and of W′s with mean force, peak force and peak blood lactate concentration measured after a 30-s maximal eff ort front crawl performed in tethered swimming. Thus, the attempt to use W′ as an anaerobic performance predictor in swimming still requires further investigations. Some authors showed that the aerobic capacity can be determined using a non-invasive method in tethered swimming [ 1 , 22 , 38 ] . We named the aerobic and anaerobic capacities measured in tethered swimming by the critical power model as critical force (Crit F ) and anaerobic impulse capacity (AIC), respectively. Although the Crit F presents signifi cant correlation with the AnTLAC [ 22 ] and with the CV [ 38 ] determined in free swimming, the Crit F value seems to underestimate the MLSS [ 1 ] . It is well established that critical velocity is quite easy to assess and provides clear prescription information, directly applicable in daily training to free swimming; however, CritF measurement enables swimmers from open water events (i. e., aquatic marathon) training continuous eff orts without the infl uence of turns. It is important to point out that during open water swimming, athletes do not create momentum from powering off the wall of the pool. Thus, in order to avoid the turning eff ects, triathletes and swimmers from open water events may use tethered swimming instead of free swimming during some periodization phases. In addition, Crit F determined by tethered swimming can be used to evaluate and to prescribe aerobic training in rehabilitation clinics or in swimming gyms that do not have offi cial swimming pools. Up to today, no published studies have investigated the association between the values of Crit F and AIC with the lactate threshold, and with the anaerobic fi tness. In addition, we did not know whether Crit F and AIC can predict free swimming performances. Therefore, the main purpose of the present investigation was to verify whether AIC and Crit F measured in tethered swimming refl ects the aerobic and anaerobic performances of swimmers.
Methods

▼ Subjects
Female (n = 3; age, 15 ± 0.6 years; body mass, 55 ± 3.9 kg, height, [ 20 ] .
Procedures
To determine whether the Crit F and AIC refl ect the aerobic and anaerobic performance of swimmers, during 20 days of the endurance phase, each subject performed, in randomised order, 9 sessions of evaluation on separate days: To minimise learning eff ects, a 2-week adaptation period was provided in which the swimmers performed 5 min of daily tethered swimming for 6 days using the free style swimming technique. Before the tests, the swimmers performed a warm up consisting of approximately 1 000-m free style swimming of low to moderate intensity, determined subjectively by the athletes. After the tests, the athletes performed 15-min free style swimming of low intensity. Then, the swimmers performed 4 300-m free of style swimming at a moderate intensity. It is important to point out that the test sessions were performed in the beginning of the periodization. As all swimmers were in the same training phase (i. e., endurance phase), we believe that the test sessions were performed in standard conditions that lead to similar adaptations. Thus, we consider that the possible training eff ects obtained during the 20 days evaluations did not infl uence the results of the present investigation.
Instrumentation
Tethered swimming apparatus (TSA) [ 36 ] contains strain gauges (Lider, SP, Brazil) as a primary sensor element. An elastic cord (tethered swimming graded exercise test) or steel wire (anaerobic fi tness test) was connected to a dynamometer (Lider, SP, Brazil) and the other end connected to a nylon belt tethered to the swimmer's waist. Thus, during the test, the swimmer was kept in the water at a distance of 3-m from the edge of the pool and 4-m from the equipment. 
Tethered swimming graded exercise test (TS GET )
Maximal oxygen uptake ( V O 2MAX ), minimal intensity (force) associated to the maximal oxygen uptake (i V O 2MAX ) and lactate anaerobic threshold (AnTLAC) were determined by a tethered swimming graded exercise test (TS GET ) until voluntary exhaustion, in which the swimmers were connected to a tethered swimming apparatus using a commercial elastic cord (Aurifl ex n Oxygen uptake ( V O 2 ) was directly measured using a portable gas analyzer (VO2000, Medical Graphics, St. Paul, MN, USA) connected to the swimmer by a respiratory snorkel and valve system [ 36 ] . Following removal of outliers to exclude discrepant breaths, breath-by-breath V O 2 data were interpolated to give 1 s values and smoothed using rolling 30 s averages (OriginPro 8.0, OriginLab Corporation, Microcal, Massachusetts, USA) to enhance the underlying V O 2 response characteristics. All calibration procedures were performed to manufacturer specifi cations immediately prior to each testing session. Heart rate (HR) was recorded throughout all tests using a telemetric heart rate monitor (Polar Electro Oy, Kempele, Finland) that was integrated into the unit of the gas analysis system. 
Anaerobic fi tness (AN F )
The AN F was determined using a 30-s all-out tethered swimming protocol [ 36 ] . The start and the fi nish of the test were determined by an audible signal (whistle). The mean force determined during 30-s all-out was defi ned as the AN F .
Critical force (Crit F ) and anaerobic impulse capacity (AIC)
Crit F and AIC were determined performing 4 randomly distributed eff orts in tethered swimming separated by 24-h intervals; they consisted of 100, 110, 120 and 130 % of the i V O 2MAX and were performed until exhaustion, which was set as the inability of the swimmer to maintain the previously defi ned intensity for more than 10 s. To guarantee that the swimmers performed at the predetermined intensities, they were required to keep their heads in line with cones placed on the poolside. When swimmers could no longer continue the exercises at the given intensities, swimming times for each eff ort were recorded (tlim). Crit F and AIC corresponded to the linear and angular coeffi cients of points obtained from the linear relationship between force (F) and the inverse of time limit (1/tlim) [ 31 ] with the following equation:
100, 200 and 400-m time-trials
The swimmers performed in random order 3 front crawl maximal eff orts of 100, 200 and 400-m. These distances were used to calculate the mean velocities that were assumed as maximal performances.
Statistical analysis
Results are presented as means ± standard deviation. Statistical analysis was carried out using a statistical software package (Statistic 7.0, Statsoft, Tulsa, USA • ▶ Fig. 2 shows the relationship between blood lactate concentration and swimming intensity (i. e., force) during the tethered swimming graded exercise. By using the linear regression method it was possible to determine AnTLAC in all participants and to observe elevated values of determination coeffi cient in the adjustments of the fi rst (1.34 ± 0.13 m.s − 1 ) and 400-m (1.24 ± 0.11 m.s − 1 ); however, long duration performances were more highly correlated with aerobic parameters, while short duration performances were more highly correlated with anaerobic parameters ( • ▶ Table 1 ).
Discussion ▼
The main results of the present investigation are the possibility of using Crit F and AIC measured in tethered swimming to evaluate and predict aerobic and anaerobic performance in free swimming. Recently, Takahashi et al. [ 41 ] verifi ed that CV corresponded to MLSS. However, the protocol of MLSS determination in swimming is interrupted every 5 min during 30-45 s for blood sample collections. According to Dekerle et al. [ 11 ] , these intervals of 30-45 s allow blood lactate oxidation, limiting the drift in lactatemia. Based on this information, the velocity corresponding to MLSS is overestimated which does not allow correct validation of CV [ 9 , 11 ] . CV has been accepted as a parameter that provides an accurate estimation of the boundary between heavy and severe intensity domains in adults [ 9 ] and adolescents of both genders [ 45 ] . In the present investigation, the tlim obtained during predictive eff orts at 100, 110, 120 and 130 % of i V O 2MAX were 409.0 ± 101.3 s, 172.9 ± 34.2 s, 114.8 ± 24.8 s and 71.6 ± 10 s, respectively. These values are close to those obtained by Billat et al. [ 2 ] in running (i. e., 100 % = 347 ± 100 s, 120 % = 131 ± 38 s and 140 % = 72 ± 18 s) and by Blondel et al. [ 5 ] in running (100 % = 357 ± 116 s, 120 % = 122 ± 27 and 140 % = 65 ± 14 s). However, our tlim obtained at 100 % of i V O 2MAX was higher compared to Fernandes et al. [ 16 ] (i. e., 260.2 ± 60.7 s) and to Fernandes et al. [ 17 ] (i. e., 243.2 ± 30.5 s). It is possible to use the stage durations to justify these diff erences. The stage durations of our incremental protocol were 3 min. However, during incremental protocols performed in free swimming, normally the distance is prefi xed and the intensity increment occurs with velocity increase that leads to time decrease. Fernandes et al. [ 16 ] The explanation for these results was that the swimmers had adjusted the mechanics of swimming in a way to make it more economic. However, Almeida's study did not assess whether the swimmers were adapted to the forces in tethered swimming. In our investigation, we minimized the possible infl uences from learning and adjusting to swimming mechanics because the swimmers underwent a 2-week adaptation period in tethered swimming.
Another interesting fi nding of our investigation was the significant correlation between AIC and AN F (r = 0.81), and between AIC and maximal free swimming performances. These significant correlations contradicted results generally found in associations between W′ and AN F [ 37 ] , and between W′ and free swimming performances [ 12 , 37 , 43 ] . In the present investigation, the AIC was determined in tethered swimming using the 2-parameter critical power model: W = W′ + CP . t, where W = total work performed; W′ = anaerobic work capacity, CP = critical power; t = time to exhaustion. Based on the delay of the predictive bouts, Morton et al. [ 34 ] ), where the third term represents the amount of energy released from anaerobic sources before the attainment of an aerobic steady state at CP. Dekerle et al. [ 10 ] verifi ed that the W' determined by the 2-parameter model (13.6 ± 1.3 kj) presented signifi cant correlation (r = 0.72) with the W′ (15.9 ± 1.2 kJ) determined by the power output-time integral above the power output expected from the measured V O 2 ; however, the former was approximately 24 % lower compared to the latter. This diff erence can be explained by the aerobic inertia not taking into consideration when W′ is determined by the 2-parameter model. Thus, it is possible to consider that AIC measured in our investigation was underestimated. However, based on the high correlations with the AN F the predefi ned. However, some swimmers are able to sustain this swimming velocity for longer distances, possibly due to acidosis tolerance and the test strategy adopted [ 37 ] . In summary, the results of the present investigation lead to the following conclusions: 1. Using tethered swimming, Crit F can be used as a non-invasive method to evaluate aerobic capacity, once CritF did not diff er from AnTLAC and presented signifi cant correlation with AnT-LAC. 2. Using tethered swimming, AIC is related to anaerobic metabolism parameters, once AIC presented signifi cant correlation with ANF. Based on the statements described above, it is possible to conclude that Crit F and AIC can be used to predict free swimming performances. In addition, CritF can be used to predict aerobic training in tethered swimming.
